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A B S T R A C T

The massic activity of 225Ac in 0.1 mol/L HCl was measured by multiple primary methods over four consistent
measurement campaigns. Results from the triple-to-double coincidence ratio (TDCR) method of liquid scintil-
lation (LS) counting were in accord with other LS-based primary methods. The calibration of commercial
radionuclide calibrators (“dose calibrators”) is described, with discussion of current literature values. Compar-
isons between experimental ionization chamber and NaI(Tl) well counter responses and benchmarked Monte
Carlo models are addressed.

1. Introduction

Actinium-225 (225Ac) has quickly emerged as a promising nuclide for
targeted alpha therapy, with clinical trials underway for the treatment of
metastatic castration-resistant prostate cancer (Zacherl et al., 2021; van
der Doelen et al., 2021), acute myeloid leukemia (Jurcic et al., 2016),
and solid tumors, among others. During its decay, 225Ac emits four alpha
particles and two beta particles (Fig. 1) that, when paired with specific
targeting molecules, potentially deliver high radiation doses with great
selectivity.

The primary production route of 225Ac has historically been via a
Thorium-229 generator, which is used to separate the 225Ac from its
parent as it decays. However, shortages of 225Ac, spurred by growing
interest in its applications and the projected gap between supply and
demand, have prompted development of other production methods (see,
e.g., Poty et al., 2018). Linear accelerator and cyclotron-based methods
have both been demonstrated (Griswold et al., 2016; Melville and Allen,
2009). Each method has the potential to present a different impurity
profile, including the problematic 227Ac, whose relatively long half-life

(T1/2 = 21.772(3) a; (DDEP, 2023)) raises some concerns, especially
from the occupational safety and waste disposal perspectives (e.g.,
Shober, 2022). A recent publication from the International Atomic En-
ergy Agency provides a comprehensive overview of the state of pro-
duction and use of 225Ac in therapeutic nuclear medicine (IAEA, 2024).

Accurate dose-response conjectures must begin with an accurate
assessment of the administered activity. Ideally, administered activities
are measured in reference to standards established by metrology in-
stitutes (Zimmerman and Judge, 2007; Bergeron et al., 2022). In the
absence of activity standards, researchers have mostly based adminis-
tered activity calibrations on gamma-ray spectrometry. Recently,
several National Metrology Institutes (NMIs) have reported on primary
measurements of 225Ac activity (Kossert et al., 2020; Broda et al., 2023;
Mori et al., 2023; Galea and Moore, 2024). All publications report ac-
tivity standardizations based on some liquid scintillation (LS)-based
method, usually the triple-to-double coincidence ratio (TDCR) method.
Mori et al. (2023) also performed coincidence counting using a plastic
scintillator detector in the α/β channel and showed good agreement with
LS counting using the CIEMAT-NIST efficiency tracing (CNET) method.
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Most of these laboratories also reported new half-life determinations
(Kossert et al., 2020; Broda et al., 2023; Galea and Moore, 2024),
complementing the measurements from Pommé et al. (2012) to address
an acute need for an improved half-life value. None of the laboratories
reported gamma-ray emission intensities, which might have been used
as a means of indirect comparison of standards, based on their activity
determinations; two laboratories (Kossert et al., 2020; Broda et al.,
2023) submitted sources to the International Reference System (SIR;
Ratel, 2007).

Here, we report on the realization of a NIST standard for 225Ac ac-
tivity by the TDCR method of liquid scintillation counting, with
confirmatory measurements using CNET and LTAC (live timed anti-
coincidence counting). The standardization campaigns culminated in
the submission of an ampoule to the SIR. Results using secondary
methods, including calibration of commercial radionuclide calibrators,
are also discussed in the context of related literature reports. Monte
Carlo simulations were used to provide additional experimental
benchmarks.

2. Adopted decay data

Nuclear and atomic data used as input for the analysis of experi-
mental data were taken from the Decay Data Evaluation Project (DDEP),
but the 225Ac half-life was reevaluated using the DDEP methodology to
include more recent and more precise measurements (Pommé et al.,
2012; Kossert et al., 2020). In November 2023, after the measurement
campaigns described herein were concluded, the DDEP published a new
evaluated value for the 225Ac half-life (T1/2 = 9.9172(21) d), which
included two additional new determinations (Broda et al., 2023; Galea
and Moore, 2024). This evaluation was too late to be considered in this
work. Table 1 summarizes the evaluated half-lives used and their source.

3. Source preparation and measurement

3.1. Source preparation

A total of four experiments, each using a separate shipment of 225Ac,
were performed for the primary standardization. In the first three ex-
periments (E1 to E3), 225Ac was received in 0.1 mol/L HCl. In the fourth

experiment, a dry nitrate sample was received at NIST and subsequently
dissolved in 0.1 mol/L HCl. No carrier was added.

The first experiment (E1) established the validity of gravimetric links
by demonstrating that the 0.1 mol/L HCl solution affords loss-free
transfers. In this study, a pair of ampoules was prepared from the
incoming solution. The ampoules were measured using ionization
chambers and gamma-ray spectrometry before one of them was opened
and transferred gravimetrically to a new ampoule. The procedure was
repeated, with measurements confirming consistent massic instrument
responses. In parallel, several liquid sources in 22 mL glass scintillation
vials were prepared and measured on a NaI(Tl) well-type counter;
massic count rates were robust against repeated transfers.

The next two experiments (E2 and E3) linked liquid scintillation-
based assays and ionization chamber calibrations to establish and pre-
serve a primary activity standard. The fourth experiment (E4) confirmed
the primary activity standard and included a submission to the inter-
national reference system (SIR; Ratel, 2007). Dilutions were carried out
with 0.1 mol/L HCl. A typical dilution scheme is illustrated in Fig. S1. In
all experiments, sources were prepared gravimetrically using the aspi-
rating pycnometer method (Campion, 1975; Sibbens and Altzitzoglou,
2007); when practicable, both dispensed and received masses were
measured.

An ampoule from each experiment was later opened and used to
prepare sources for alpha spectrometry. NdF3 co-precipitation sources
were prepared from 0.25 g aliquots. To each 0.25 g aliquot in an LS vial
was added approximately 1 mL of concentrated HCl. The resulting so-
lutions were evaporated to near-dryness (just a few faint drops of liquid
remaining in the LS vial) with a heating lamp. This wet residue was
dissolved in 2 mL of 1 mol/L HCl with brief warming to ensure total
dissolution and complete conversion to chloride medium. The contents
of the LS vials were quantitatively transferred to 50 mL centrifuge tubes
and diluted to a total volume of 20mLwith 1mol/L HCl. Then, 0.5 mL of
a 100 μg/mL Nd3+ (in chloride) solution was added, followed by 5 drops
of 20 % TiCl3, which produces a pale purple solution and ensures
reduction of any uranyl or plutonyl species. To this solution was added 2
mL of 49 % HF while swirling. This solution was allowed to stand for 15
min to 45 min, precipitating microcrystals of NdF3. The solutions were
vacuum filtered through a 0.1 μm porosity polypropylene filter, washed
with 5 % HF followed by 80 % ethyl alcohol, and vacuum dried in a
desiccator before mounting the filter on to a plastic support for counting
in the alpha spectrometer.

3.2. Primary methods

The primary activity standardization was achieved with three liquid
scintillation (LS)-based methods: triple-to-double coincidence ratio
(TDCR) counting, CIEMAT/NIST efficiency tracing (CNET) with 3H, and
live-timed 4παβ(LS)-γ(NaI) anticoincidence counting (LTAC). Data used
for the standardization were acquired with sources at radioactive
equilibrium (typically >3 d after separation) so that decay correction to
a common reference time was achieved using the T1/2 for 225Ac
(Table 1).

Fig. 1. The decay scheme of 225Ac. Adopted half-lives are given in Table 1. The
branch probabilities for 213Bi are taken from (DDEP, 2023), with Pβ =

0.9791(3).

Table 1
Half-lives used in the analysis of experimental data. Standard uncertainties are given in parentheses.

Nuclide Evaluation Date Evaluator T 1/2

225Ac February 2023 (this work) B.E. Zimmerman 9.9190(21) d
221Fr June 2008 Huang Xiaolong and Wang Basing 4.79(2) min
217At August 2009 Huang Xiaolong and Wang Basing 0.0323(4) s
213Bi January 2013 Huang Xiaolong and Wang Basing 45.59(6) min
213Po January 2012 Huang Xiaolong and Wang Basing 3.70(5) μs
209Tl May 2011 F.G. Kondev 2.161(7) min
209Pb Jun 2011 F.G. Kondev 3.277(15) h
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Liquid scintillation sources were prepared in 22mL glass scintillation
vials with Ultima Gold AB (UGAB) or Hionic Fluor (HiF) scintillator
(PerkinElmer, Waltham, MA)1 and total aqueous fractions (≈0.06 for
UGAB and ≈0.075 for HiF) selected to achieve stable cocktails
(Bergeron, 2012). Composition-matched blanks were prepared for
background corrections. For CNET, sources were quenched with nitro-
methane and composition-matched tritium sources were also prepared
from a NIST-calibrated solution designated 2193.

3.2.1. TDCR

3.2.1.1. Efficiency calculation. Kossert et al. (2014) provided an exten-
sive explanation of how they calculated the efficiency for 229Th and
225Ac, using a free parameter model (Broda et al., 2007; Grau Malonda,
1999). This report aims to offer an overview of the calculations and
focus on only a few key elements for more detailed discussion.

The radioactive decay chain of 225Ac includes several alpha-emitting
progeny (Fig. 1). The counting efficiencies in liquid scintillation (LS) for
225Ac, 221Fr, and 213Po, all of which emit alpha particles, are considered
to be 1.2 Additionally, the weak beta transition in 217At is not consid-
ered; instead, it is assumed that its alpha decay probability is 100 % and
the counting efficiency was considered to be 1 (Kossert et al., 2009).
However, the short lifetime of 217At (T1/2 = 32.3(4) ms) necessitates a
correction because some of its decay events occur during the deadtime
(tdead) which is triggered by the detection of decay events from 221Fr.
The “survival correction” associated with each nuclide, i, is estimated as
(Kossert et al., 2014),

ki,survival= e
−
ln (2)
T1/2(i)

tdead
. (1)

The decay processes of both 213Bi and 213Po were considered jointly.
It was assumed that the short-lived (T1/2 = 3.70(5) μs) 213Po daughter is
detected with its 213Bi parent, giving 100 % efficiency for 213Po + 213Bi.
The probability of 213Po decaying after the deadtime is again calculated
from Equation (1).

The total combined doubles counting efficiency for both 213Bi and
213Po is obtained by summing their respective contributions (Kossert
et al., 2014). This procedure requires computation of single-PMT
counting efficiencies (εS(λ), where λ is the free parameter), which are
not typically provided by MICELLE2 (Kossert and Grau Carles, 2010).
For this purpose, the FORTRAN code was modified consistent with
(Kossert et al., 2014) to export the needed efficiencies.

A total of 14 gamma/internal conversion (IC) transitions and 12 beta
transitions were considered. The decays included in the efficiency model
are enumerated in Table 2.

Taking kx, Pα,i, and Pβ,i from Table 2, the combined counting effi-
ciency for double coincidences per 225Ac decay can be expressed as by
Kossert et al. (2020),

εD,total(λ, tdead) = εα
(
Pα,Ac− 225k0 + Pα,Fr− 221k1 + Pα,At− 217k2kAt,survival

+ Pα,Bi− 213k3
)
+ Pβ,Bi− 213k3εD,Bi− 213/Po− 213(λ)

+ Pβ,Tl− 209k4εD,Tl− 209(λ) + Pβ,Tl− 209k5εD,Pb− 209(λ)
+ Pβ,Bi− 213k6εD,Pb− 209(λ) . (2)

Note that the values for k5 and k6 appear to be switched in the text of
(Kossert et al., 2020) and that these values differ slightly from the ones

given by Galea and Moore (2024). A full and clear explanation of each
term in Equation (2) was given by Kossert et al. (2014) in their
description of the standardization of 229Th activity by liquid scintillation
counting.

3.2.1.2. Activity determination by TDCR. Every time a source was placed
inside the optical chamber of the detector, three measurements, with
600 s live time each, were taken. These measurements were collected
using a field-programmable gate array (FPGA)-based system, with
imposed extending deadtime of 50 μs and a coincidence resolving time
of 150 ns. Kossert et al. (2020) showed that the influence of tdead on the
LS efficiency (through ki,survival) becomes significant for tdead < 50 μs,
and adopted a value of 90 μs for most of their measurements. We
confirmed these results and found that the observed efficiencies were
well-described by Equation (2) over a range of tdead. Roughly 106 counts
were collected in the logical sum of doubles channel for each mea-
surement. Raw background and source counts were corrected for acci-
dental coincidences (Dutsov et al., 2020).

For the activity determinations, efficiency variation was achieved
using a set of gray filters for a triple-to-double coincidence ratio (R)
range of (0.981 to 0.993), corresponding to a logical sum of doubles

Table 2
Equilibrium factors (kx), branch probabilities (P), and cascade weights (wi) used
in LS efficiency calculations. For the beta emitters, minor cascades were omitted
from the efficiency calculations and the cascade weights renormalized to sum to
1.

Nuclide
(i)

Transition Type x kx Pα,i Pβ,i wi

225Ac α 0 1 1 ​ ​
221Fr α 1 1.00034 1 ​ ​
217At α 2 1.00034 1 ​ ​
213Bi α 3 1.00354 0.0209 ​ ​
213Bi β (323 keV)/γ

(807.372 keV)/γ
(292.80 keV)

3 1.00354 ​ 0.9791 0.0064

213Bi β (983 keV)/ γ
(440.44 keV)

3 1.00354 ​ 0.9791 0.3294

213Bi β (1130 keV)/ γ
(292.80 keV)

3 1.00354 ​ 0.9791 0.0022

213Bi β (1423 keV) 3 1.00354 ​ 0.9791 0.6620
209Tl β (587 keV)/γ

(1239.67 keV)/γ
(117.224 keV)/γ
(465.128 keV)/γ
(1566.93 keV)

4 1.00370 ​ 0.0209 0.0042

209Tl β (615 keV)/γ
(1329.29 keV)/γ
(465.128 keV)/γ
(1566.93 keV)

4 1.00370 ​ 0.0209 0.0010

209Tl β (906)/γ (920.43
keV)/γ (117.224
keV)/γ (465.128
keV)/γ (1566.93
keV)

4 1.00370 ​ 0.0209 0.0064

209Tl β (1071 keV)/γ
(873.07 keV)/γ
(465.128 keV)/γ
(1566.93 keV)

4 1.00370 ​ 0.0209 0.0070

209Tl β (1660 keV)/γ
(283.61 keV)/γ
(465.128 keV)/γ
(1566.93 keV)

4 1.00370 ​ 0.0209 0.0032

209Tl β (1827 keV)/γ
(117.224 keV)/γ
(465.128 keV)/γ
(1566.93 keV)

4 1.00370 ​ 0.0209 0.9771

209Tl β (1944 keV)/γ
(465.128 keV)/γ
(1566.93 keV)

4 1.00370 ​ 0.0209 0.0010

209Pb β (644 keV) 5 1.01770 ​ 0.0209 1
209Pb β (644 keV) 6 1.01754 ​ 0.9791 1

1 Certain commercial equipment, instruments, or materials are identified in
this paper to foster understanding. Such identification does not imply recom-
mendation by the National Institute of Standards and Technology, nor does it
imply that the materials or equipment identified are necessarily the best
available for the purpose.
2 In practice, the LS efficiency for alphas is taken as 0.9995 counts per decay

to account for the “wall effect” (see, e.g., Cassette, 2002; Kossert et al., 2009;
Fitzgerald and Forney, 2011).
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counting efficiency (εD) range of (4.98 to 5.012) counts per 225Ac decay,
according to the MICELLE2 model. As expected for such a high-
efficiency radionuclide, the model yields a good fit of the experi-
mental data with no observed trending in the calculated activities
(Fig. 2).

3.2.2. CNET
Sources were counted on a PerkinElmer Tri-Carb 4910 TR (Perki-

nElmer Inc., Boston, MA, USA) and a Beckman LS 6500 (Beckman
Coulter, Fullerton, CA, USA). For these instruments, tdead is not known
precisely.

For the Beckman counter, Fitzgerald et al. (2010) suggest tdead > 30
μs. In the present work, efficiencies were calculated assuming tdead = 30
μs. If the actual tdead is < 30 μs, then the efficiency could be under-
estimated by up to several percent; if the actual tdead is > 30 μs, then the
efficiency could be overestimated by up to approximately 0.1 % (Fig. 3).

For the Tri-Carb 4910, tdead is suspected to be < 10 μs, making the
calculated efficiencies extremely sensitive to the survival corrections
(Fig. 3). We found that a value of tdead = 7.5 μs gave reasonable agree-
ment with TDCR, but the large uncertainties associated with the survival
corrections make the Tri-Carb 4910 data unreliable for primary mea-
surements of 225Ac activity.

The results reported in Section 4.2.3 are based on analyses of data
acquired with the Beckman counter. In E2, tritium efficiencies ranged
from 0.34 to 0.37 counts per decay for Hionic Fluor and 0.45 to 0.47
counts per decay for Ultima Gold AB. In E3, a slightly increased
quenching range was achieved, with tritium efficiencies from 0.31 to
0.35 counts per decay for Hionic Fluor and 0.42 to 0.46 counts per decay
for Ultima Gold AB. In each experiment, sources were counted on three
occasions for five cycles.

3.2.3. LTAC
LTAC counting was performed with a three photomultiplier tube

(PMT) LS detector for the α/β channel and a NaI(Tl) detector (Ortec 905-
1 detector; Ortec 266 photomultiplier base; Ortec 113 preamplifier)
positioned below the optical chamber for the γ channel. The NaI(Tl)
detector has graded (Pb-Cd-Cu) shielding to reduce background, but is
unshielded in the direction of the LS optical chamber. The detector is
positioned as close to the LS source as possible (≲3 cm from the bottom
of the vial). Data are acquired in list mode with a CAEN desktop digitizer
(DT5724) and processed with a script written in LabVIEW that imposes a
two-PMT condition on the LS channel and allows the same data to be

analyzed with variable settings for the coincidence resolving time,
extending deadtime, and the lower level discriminator in the LS channel.

An anticoincidence gate was set over the 440 keV peak from the 213Bi
decay. Other gates were considered but excluded from the analyses due
to significant background contributions.

3.3. Ionization chamber calibration

In each experiment, several ampoules were measured on reentrant
ionization chambers (ICs) to establish calibration factors that will be
used for subsequent calibrations of 225Ac. Calibration coefficients were
determined after the solutions had reached radioactive equilibrium.

In the NIST Chamber “A” (ICA) and automated ionization chamber
(AutoIC; Fitzgerald, 2010), measurements of 225Ac ampoules were
bracketed by measurements of a 226Ra reference source (RRS). The ICA
and AutoIC calibration factors (K-values) are expressed as a function of
the ratio of responses measured for 225Ac and the RRS.

The Vinten 671 ionization chamber (VIC) at NIST is a well-
characterized instrument with a known relationship to ICs at other
metrology institutes and validated Monte Carlo models (Broder et al.,
2023). Calibration coefficients for the VIC (KVIC) are stored with units
pA/MBq. Routine constancy tests are performed with a RRS.

NIST maintains a suite of commercial radionuclide calibrators
(sometimes referred to as “dose calibrators”). Calibration settings for a
specific radionuclide in a defined measurement geometry are deter-
mined using the calibration curve method (Bergeron and Cessna, 2018;
Zimmerman and Cessna, 2000).

3.4. HPGe measurements

In each experiment, ampoules were measured on high-purity
germanium (HPGe) detectors to check for photon-emitting radio-
nuclidic impurities, confirm equilibrium, and estimate solution activ-
ities based on DDEP gamma-ray emission intensities. These data will be
used in conjunction with the primary activity measurements to derive
new absolute gamma-ray emission intensities.

3.5. NaI(Tl) well counter

In E2 and E3, 22 mL glass scintillation vials containing 5 mL of 225Ac
solution were measured on a Wizard 2480 automatic NaI(Tl) well-type
counter (PerkinElmer, Waltham, MA, USA) with an open window
(15 keV to 2047 keV). Three vials with different initial activities

Fig. 2. Normalized activity as a function of the triple-to-double coincidence
ratio (R). The data groupings reflect the application of different gray filters to
vary the counting efficiency. The absence of a trend in the plot indicates that
the MICELLE2 model, which relates R to counting efficiencies, provides a good
fit of the experimental data.

Fig. 3. Relative effect of combined survival corrections as a function of dead-
time, estimated as

∑
ki,survivalki where ki is the equilibrium coefficient for

nuclide i and ki,survival is defined in Equation (1). The values are normalized so
that ki,survivalki = 1 for tdead = 100 μs.
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(approximately 15 kBq, 20 kBq, and 40 kBq) were counted for 10 min
per cycle, along with a composition-matched blank and a 129I check
source. Between each counting cycle, a long blank was measured. In E4,
two vials were prepared (with initial activities approximately 10 kBq
and 15 kBq) and measured with the same protocol.

3.6. Alpha spectrometry

To check for long-lived alpha-emitting radionuclidic impurities,
sources from each experiment were prepared from aliquots of solutions
by coprecipitation with 50 μg of Nd as NdF3 and counted on an Octȇte
PC alpha spectrometer (Ametek Ortec, Oak Ridge, TN, USA) equipped
with 8 identical 450 mm2 ion-implanted Si detectors. Spectra were ob-
tained using Ortec Maestro acquisition software (version 7.01). The
NdF3 sources (Sill, 1987) were prepared by filtering onto 25 mm
diameter, 0.1 μm porosity polypropylene filters (effective source diam-
eter is approx. 23 mm) and mounted 5 mm from the detector for a
counting efficiency of 23(1) %. Sources produced by this method reli-
ably incorporate ≥98 % of trivalent (e.g., Ac3+) and tetravalent (e.g.,
Th4+) actinides and have only slightly more degraded alpha resolution
than high-quality electrodeposited sources.

4. Results

4.1. Assuring loss-free transfers (experiment 1)

The sources measured in a primary standardization are linked to a
common solution by mass. In turn, that solution is linked by a gravi-
metric dilution factor to a more concentrated parent solution used for
ionization chamber calibrations. Thus, the integrity of these calibrations
depends critically on transferring solutions from one container to
another without changing the activity concentration (or radioactive
equilibrium) of the solution. The integrity of these transfers is estab-
lished by comparing gravimetric and radiometric dilution factors.

HPGe, VIC, and NaI(Tl) well counter measurements were used to
check for transfer losses. For the HPGe and VIC comparisons, the decay-
corrected massic count rates or currents for a pair of ampoules were
measured on subsequent days; the contents of one ampoule were
repeatedly transferred gravimetrically to a new ampoule, while the
other ampoule was left as a control to show day-to-day variance. For the
well counter comparison, a small aliquant was transferred from one of
the ampoules and used to prepare three scintillation vials; the contents
of two of the vials were repeatedly transferred gravimetrically to new
vials, while the third was left as a control.

For the HPGe data, the net full energy peak areas for γ-rays of 221Fr
(218.12 keV) and 213Bi (440.44 keV) were used to calculate the massic
count rates. The transferred ampoules gave ratios consistent with small
reductions in the massic count rates, whereas the control arm remained
consistent. The observed deviation was within typical measurement
repeatability. VIC measurements on the same ampoules that were
measured by HPGe showed an apparent change in the control arm that
was larger than the apparent change in the transferred ampoules. In fact,
the change indicated an increase in the decay-corrected massic current
from day-to-day. The well counter data showed a statistically insignifi-
cant change in one of the transferred vials and an aberrant 0.88 % loss in
the other. The large 0.88 % difference was inconsistent with all other
measurements of related sources and was considered aberrant.
Excepting this aberration, the results for all three methods were
consistent with loss-free transfers to within typical measurement
reproducibilities.

In Experiments 2 and 3, gravimetric dilution factors were confirmed,
when possible, by radiometric methods (HPGe). In all cases, dilution
factors agreed within uncertainties.

4.2. Activity standard and SIR submission (E2, E3, E4)

4.2.1. Impurity analyses
In each experiment, ampoules were measured on high-purity

germanium (HPGe) detectors to look for photon-emitting impurities.
Early measurements indicated no photon-emitting impurities. However,
measurements with a NaI(Tl) well-type detector in E3 suggested the
likely presence of a long-lived impurity (Section 4.3.3) and so additional
HPGe, NaI(Tl), LS, and alpha spectrometry measurements were
undertaken.

Ampoules were re-measured on the HPGe detectors after more than
18 225Ac half-lives (E2 ampoules) or more than 9 225Ac half-lives (E3
ampoules). The spectra showed the expected peaks from 225Ac and
progeny, but with higher intensity than would have been expected. In
addition, a peak at 40 keV was identified and attributed to 225Ra
(DDEP). Breakthrough of 229Th (and some progeny, including 225Ra)
during the initial separation of 225Ac was postulated.

With breakthrough of 229Th and progeny suggested by the NaI(Tl)
and HPGe measurements, new LS sources were prepared from the
decayed E2 and E3 solutions. The TDCR-determined massic activities
(Section 4.2.2) were used to estimate the count rates expected and
counts in excess of these predictions were tentatively attributed to
breakthrough of 229Th; this attribution was later revisited after alpha
spectrometry measurements indicated the excess counts were more
likely from 228Th.

Thorium breakthrough contributions were estimated from LS
counting, HPGe, and NaI(Tl) well counter measurements in E2, E3, and
E4. For each detector type, different assumptions were required to
convert the observed instrument response into an estimate for the im-
purity fraction in terms of activity at tref. In practice, any real estimate of
an activity-based impurity fraction requires more information on the
nature of the breakthrough, i.e., the relative fractions of 228Th, 229Th,
and all progeny at the time of separation. HPGe measurements from E4
showed that the 40 keV peak intensity decreases with time for at least
30 d. This is strong evidence that the breakthrough includes 225Ra in a
significant fraction with respect to 229Th. The 40 keV peak intensity was
found to decrease consistent with a half-life of approximately 22(15) d,
consistent with 225Ra (T1/2 = 14.82(19) d) with or without supporting
229Th.

After approximately 20 (for E4) to 50 (for E1) 225Ac half-lives,
sources were measured by alpha spectrometry. No 229Th (<2 mBq/g)
was observed in any of the samples. However, 228Th was observed in all
samples to varying degree (Fig. S2). Boll et al. (2005) described the
purification of carrier-free 225Ac from a Th stock containing both 229Th
and 228Th. Since 228Th has a much shorter half-life (T1/2 = 1.9126(9) a;
(DDEP, 2023)) than 229Th, equivalent breakthrough by mass results in a
much larger activity of 228Th than 229Th. The results of the alpha
spectrometry measurements found that the E1 solution contained only a
small amount of 228Th impurity. The E3 solution had the most 228Th,
with a massic activity of 0.47 Bq/g at the time of measurement. By the
time the E3 solution was analyzed by alpha spectrometry (approxi-
mately 34 225Ac half-lives after the primary measurements), only a small
amount of 225Ac and progeny remained. While the statistics are poor, the
amount of 225Ac observed is higher than predicted, indicating possible
breakthrough of 225Ra and/or 229Th. Additionally, there was a very
small amount of observable 226Ra (just above the limit of detection),
which suggests incomplete separation of Ra from Ac, consistent with the
HPGe results. E4 had an intermediate amount of 228Th (0.24 Bq/g).
Using the 217At peak as an indirect measure of 225Ac gives a massic
activity of 0.14 Bq/g of 225Ac at the time of measurement, which was
consistent with the decay-corrected activity based on TDCR measure-
ments; this suggests no 229Th breakthrough.

In all cases, the breakthrough contributions to the primary activity
measurements are negligible. Uncertainties were estimated based on the
specific instrument responses, so that the troublesome conversion to
activity-based impurity fractions is not necessary. The contributions
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become significant in efforts to measure the 225Ac half-life.

4.2.2. TDCR
The TDCR results were adopted for the primary activity standard for

225Ac. Table 3 shows detailed uncertainty budgets for E2, E3, and E4. In
all experiments, the combined standard uncertainty is mostly due to
counting statistics.

The uncertainty due to counting statistics was estimated from com-
bined within- and between-insertion, between source, and between
scintillator variances. The background uncertainty was estimated by
propagating the standard deviation on repeat measurements of the
matched blanks.

The uncertainty due to the MICELLE2 model was estimated, in part,
by propagating a conservative estimate for the uncertainty on the Birks
parameter, kB= 0.0075(15) cmMeV− 1. The decay data uncertainty was
estimated by propagating the Pα/β uncertainty and the half-life uncer-
tainty was estimated by propagating the uncertainty on the 225Ac half-
life (Table 1). The uncertainty due to impurities was estimated from
the putative 229Th breakthrough described in Section 4.3.2.

4.2.3. CNET
The CNET results acquired with the Beckman counter were consid-

ered confirmatory. Table 4 shows the detailed uncertainty budgets for
E2 and E3. In both experiments, the combined standard uncertainty is
mostly due to counting statistics and deadtime uncertainty.

The uncertainty due to counting statistics was estimated from com-
bined between cycle, between source, between scintillator, and between
measurement occasion variances. The background, model, decay data,
and impurity uncertainties were estimated as for TDCR (Section 3.2.2).
As illustrated in Fig. 3, a symmetric uncertainty on the deadtime results
in an asymmetric uncertainty on the survival correction and thus on the
activity. The deadtime uncertainty in Table 4 was estimated conserva-
tively by considering the potential bias introduced by a − 10 μs error on
the estimated 30 μs deadtime. The uncertainty on the certified tritium
activity (0.54 %) and on the tritium half-life (12.312(25) a; (DDEP,
2023)) were propagated through the efficiency calculations.

4.2.4. LTAC
In E3, count rates in the NaI(Tl) channel were too low for a reliable

activity determination. This was, in part, because of shared hardware
and the prioritization of acquiring TDCR data with the well-established
FPGA-based system. In E4, higher-activity LS sources were prepared and
the acquisition of good LTAC data was prioritized. Still, the relatively
low intensity of emitted gamma-rays from 225Ac and progeny combined
with poor geometric efficiency and inadequate shielding led to signifi-
cant signal in the NaI(Tl) channel from ambient background radiation.
Extrapolations based on the anticoincidence gate set over the 440 keV
peak were very sensitive to the type of fit (linear, quadratic, or cubic
with the quadratic term set to zero), the backgrounds, and the range of
lower level discriminator settings (LLDs) used in the analysis. For all fits,
the residuals showed trends; the magnitude of the residuals was mini-
mized with the quadratic fit (Fig. 4).

Using the quadratic fits for extrapolation andmaking the appropriate
survival corrections (Section 3.2.1.1), an activity was estimated that
gave ALTAC/ATDCR = 1.004(21). The 2.1 % relative combined standard
uncertainty is from LTAC only and is estimated from the components in
Table 5. Agreement with TDCR is indicated, but the LTAC measurement
is not considered to be of high quality. The non-linearity of the extrap-
olation arises from contributions from the different beta decays. Un-
certainties from this type of non-linearity can be mitigated in different
ways, including by 1) using multiple gates and weighting the results to

Table 3
TDCR uncertainty budget showing the relative uncertainty on themassic activity
of the LS counting solution.

Uncertainty Component ui/%

E2 E3 E4

Counting statistics 0.24 0.20 0.24
Background 0.012 0.013 0.006
Model (kB) 0.027 0.060 0.050
Decay data 2E-04 0.004 0.004
Half-life 6E-04 0.002 8E-06
Impurities 5E-05 0.010 5E-03
Weighing 0.05 0.05 0.05
Combined standard uncertainty 0.24 0.22 0.25

Table 4
CNET uncertainty budget showing the relative uncertainty on the massic activity
of the LS counting solution.

Uncertainty Component ui/%

E2 E3

Counting statistics 0.21 0.18
Background 0.007 0.003
Model (kB) 0.03 0.04
Deadtime 0.37 0.37
Decay data 0.004 0.004
Ac-225 half-life 0.015 0.005
H-3 activity, half-life 0.003 0.003
Impurities 0.00 0.01
Weighing 0.05 0.05
Combined 0.43 0.42

Fig. 4. LTAC data (A) and relative fit residuals (B). For clarity, experimental
data (black Xs) are shown with the predicted values from a quadratic fit (red
open triangles). Residuals are shown for linear (black open circles), quadratic
(red open triangles), and cubic (blue open squares) fits to the LTAC data. The
inefficiency (Y) is based on the anticoincidence gate set over the 440 keV peak.
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calculate an effective inefficiency for the extrapolation or 2) simulating
the experiment with a Monte Carlo model that reproduces the fit re-
siduals and provides the basis for a correction to the extrapolated
intercept (see, e.g., Bergeron and Fitzgerald, 2018; Fitzgerald et al.,
2015 and references therein). Neither of these options is currently
possible in this case and so a conservative extrapolation uncertainty
must account for the different intercepts obtained when extrapolating
from the different fit functions.

The counting uncertainty was estimated by combining the within-
insertion variance for a single source with the standard deviation on
the intercept determined with linear, quadratic, and cubic extrapola-
tions. The repeatability was estimated as the between-insertion variance
for a single source and the between source uncertainty was estimated as
the standard deviation on the massic activities determined for two
sources. The background uncertainty was estimated by propagating the
standard deviation on repeat measurements of a matched blank. The
LLD range activity was estimated from the standard deviation on the
activities calculated with five different ranges for the lower-level
discriminator (i.e., five subsets of Y). The fit uncertainty was esti-
mated from the residuals of the quadratic fit used for extrapolation.

4.3. Links and calibrations

4.3.1. Consistency between primary methods
The massic activities determined by TDCR and CNET were in good

agreement in E2 and consistent within k = 2 in E3 (Table 6). In E4, the
LTAC result was in good agreement with TDCR.

Table 6 also includes independent activity determinations by gamma
spectrometry with HPGe detectors (using the 440 keV and 1566 keV
peaks). A typical uncertainty budget for the HPGe activity estimate is
given in Table 7. In addition to the counting uncertainty, estimated as
the standard deviation of the mean on repeat measurements, the un-
certainties due to the efficiency curve, the evaluated emission in-
tensities, and the peak fitting contribute significantly to the combined
standard uncertainty. Due to the long measurement times, the uncer-
tainty due to corrections for decay during measurement are also
significant.

Further confirmation came from Monte Carlo simulations of the
response of the AutoIC and a NaI(Tl) well counter. The good between-
method agreement was accompanied by good between-experiment

agreement. As discussed in Section 4.3.2, ionization chamber calibra-
tion coefficients determined in all experiments were consistent within
uncertainties, indicating accord among the three TDCR determinations.

4.3.2. Ionization chamber calibrations
Table 8 shows the uncertainty budget for K-values for NIST Ioniza-

tion Chamber “A” (ICA) and the NIST AutoIC, determined from the
TDCR activity in each experiment.

The measurement uncertainty was estimated by combining the
typical standard deviation of the mean for a single source insertion with
the standard deviation on repeat insertions and the standard deviation
on K-values determined for multiple sources. The between-experiment
uncertainty was estimated as the standard deviation on the average K-
values determined in each experiment. The RRS uncertainty encom-
passes the uncertainty on the 226Ra half-life and source placement. The
uncertainty on the dilution factor includes the difference between
dispensed and receivedmasses and accounts for potential transfer losses.

Table 9 shows the uncertainty budget for a weighted average of KVIC
determined from the TDCR activity in each experiment.

The measurement uncertainty was estimated as the standard devia-
tion of the weighted mean where the weighting uncertainties for the
three experiments are estimated by combining the within- and between-
measurement variances. The half-life uncertainty was estimated by
propagating the uncertainty on the 225Ac half-life (Table 1) and the
weighing uncertainty included the uncertainty on the gravimetric
dilution factor linking the ampoules to the counting sources.

Between-experiment consistency was established by comparing the
ionization chamber calibration coefficients determined based on the
TDCR activity in each experiment. In all cases, the results were consis-
tent within statistical uncertainties (Table 10).

The experimentally-determined value for KVIC was 2.2156(60) pA
MBq− 1, approximately 1 % higher than a value calculated
from a TOPAS-based Monte Carlo model (Broder et al., 2023),
KVIC = 2.1954(91) pA MBq− 1, where the stated uncertainty is statis-
tical only. The experimental value for KAutoIC was approximately 1.6
(1.3) % lower than a theoretically-calculated value based on an

Table 5
LTAC uncertainty budget showing the relative uncer-
tainty on the massic activity of the LS counting solution.

Uncertainty Component ui/%

Counting 0.34
Repeatability 0.11
Between source 0.27
Background 0.36
LLD range 1.73
Fit 1.0
Combined 2.1

Table 6
Comparison of methods and experiments. Within each experiment, results are
normalized to TDCR. The stated uncertainties are the combined standard un-
certainties from the method being compared to TDCR only. The HPGe activities
are a weighted mean of measurements in four different detectors, relying on the
440 keV and 1566 keV peaks.

Experiment E2 E3 E4

Method A/ATDCR u A/ATDCR u A/ATDCR u

TDCR 1 0.0024 1 0.0024 1 0.0025
CNET 1.0037 0.0043 1.0052 0.0042 - -
LTAC - - - - 1.004 0.021
HPGe 1.003 0.010 1.001 0.040 0.998 0.030

Table 7
A typical uncertainty budget for total ampoule activities determined by
gamma-ray spectrometry with HPGe detectors using the 440 keV and
1566 keV peaks. The example is from E4.

Uncertainty component ui/%

Efficiency 0.37
Decay factor to reference time 0.014
Decay factor during measurement time 0.18
Peak area plus fit 0.12
Branching ratio (0.999952) 0.0015
Branching ratio (0.999933) 0.0024
Emission intensity 0.57
Standard deviation of the mean 0.47
Combined standard uncertainty 0.85

Table 8
ICA and AutoIC uncertainty budget showing the relative uncertainties on the K-
values.

Component ui/%

ICA AutoIC

TDCR Activity 0.24 0.24
Measurement uncertainty 0.03 0.03
Between experiment 0.05 0.04
RRS 0.10 0.10
Electrometer linearity 0.10 0.10
Impurities 0.01 0.00
Weighing 0.05 0.05
Dilution factor 0.15 0.15
Combined 0.33 0.32
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empirically-derived energy-dependent response curve. Since KAutoIC is
expressed with units Bq, the discrepancies between theoretical and
experimental values for KAutoIC and KVIC are in the same direction.

The 213Bi decay accounts for approximately 40 % of the total VIC
response, mostly due to the 440 keV γ ray from the β decay to the second
excited state of 213Po. An incorrect value for the 213Bi Pβ would therefore
significantly bias the Monte Carlo results, but propagating the evaluated
uncertainty on Pβ gives a relative uncertainty of just ≈0.13 % on KVIC.
The discrepancy between the experimental and Monte Carlo values
could arise from a problem with the TOPAS model geometry (e.g., wall
thickness or gas pressure) or from a problem with the input decay data
such as the relevant photon emission intensities. The TOPAS model
geometry has been benchmarked for a host of radionuclides (Broder
et al., 2023).

Critically, similar discrepancies between theoretically predicted and
experimentally observed ionization chamber responses have been
observed in two other recent cases. Using the SIRIC model, Michotte
et al. (2021) calculated an equivalent activity approximately 1.8 %
higher than the equivalent activity determined from the PTB submission
to the SIR. Galea and Moore (2024) used an EGSnrc model to calculate a
KVIC approximately 2 % lower than their experimental value. In all cases
considered, well-benchmarked models underestimate ionization cham-
ber response for 225Ac.

4.3.3. NaI(Tl) gamma well counter (GWC)
Comparison of massic count rates between the sources in each

experiment confirmed excellent solution homogeneity and no bias due
to detector linearity. From the first 25 cycles in each experiment, massic

activities determined by TDCR counting were used with gravimetric
dilution factors to determine calibration coefficients in terms of “counts
per 225Ac decay” in the open window (15 keV–2047 keV). Initially, the
average calibration coefficient determined in E3 was 0.41 % lower than
in E2. Considering the uncertainties due to mass, TDCR activity, decay
corrections, and counting statistics, the combined standard uncertainty
on the calibration coefficient was estimated to be approximately 0.3 %,
suggesting a discrepancy.

Fig. 5 shows the calibration coefficients determined in E2 and E3,
extending beyond the first 25 cycles. Over time in E3, it is clear that the
apparent calibration coefficient increases. The trend in Fig. 5 was
attributed to thorium breakthrough (Section 4.2.1).

Fitting the data to a biexponential function with the 229Th and 225Ac
half-lives fixed and initial count rates from the two nuclides allowed to
vary, the trend in the data is minimized with RTh,i/RAc,i = 0.0015(1).
Applying the same procedure to data from E2 gives RTh,i/RAc,i= 0.00010
(4). The calibration coefficients shown in Table 11 are corrected for the
putative 229Th breakthrough, reducing the difference between E2 and E3
from 0.41 % to 0.27 %. Repeating the same procedure with putative
228Th breakthrough instead of 229Th breakthrough results in slightly
better improvement, but the difference is insignificant within the sig-
nificant figures.

The uncertainties given in Table 11 are statistical only, estimated as
the standard deviation of the mean on 25 measurements. Stated un-
certainties on the averages from each experiment combine the average
counting uncertainty on the individual measurements with the between-
source variance, estimated as the standard deviation on the three
sources.

Two sources were measured in E4, with no evidence for break-
through. One of the two sources gave an anomalously low calibration
coefficient, KGWC = 0.4578(2) counts per decay, whereas the other was
consistent with E2 and E3 to within the TDCR uncertainty, KGWC =

0.4600(2), where the stated uncertainties are statistical only. The
anomaly raised concerns about the integrity of the associated masses,
but investigations showed that all other related measurements showed
consistency between gravimetric and radiometric dilution factors.

A value for KGWC calculated from a TOPAS-based Monte Carlo model
(KGWC = 0.4592(8) counts per decay) is lower than the experimental

Table 9
VIC uncertainty budget showing the relative uncertainty on
KVIC.

Component ui/%

TDCR activity 0.24
Measurement uncertainty 0.05
Half-life 0.001
Weighing 0.11
Combined 0.27

Table 10
Comparison of ionization chamber results for E2, E3, and E4. Calibration co-
efficients (Kx,i, where x = VIC, ICA, or AutoIC and i = E2, E3, or E4) are
normalized by the average Kx determined over all three experiments. Stated
uncertainties are statistical only.

E2 E3 E4

Kx,i/Kx,avg u Kx,i/Kx,avg u Kx,i/Kx,avg u

VIC 1.0011 0.0011 1.0003 0.0011 0.9998 0.0010
ICA 1.0004 0.0005 0.9995 0.0003 1.0001 0.0003
AutoIC 1.0002 0.0003 0.9996 0.0007 1.0002 0.0004

Fig. 5. Calibration coefficients determined for the Wizard 2480 NaI(Tl) well counter in E2 and E3. Different colored symbols (blue, orange, and gray) correspond to
different sources, prepared at three different activity levels.

Table 11
Calibration coefficients (counts per 225Ac decay) determined for the Wizard
2480 automatic NaI(Tl) well detector with an open window (15 keV–2047 keV)
in E2 and E3.

E2 E3

15 kBq 0.4619(2) 0.4606(2)
20 kBq 0.4619(2) 0.4605(2)
40 kBq 0.4619(2) 0.4609(2)
Average 0.4619(2) 0.4606(5)
​ ​ ​
E3/E2 0.9973 ​
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values by 0.3 % to 0.6 %. The stated uncertainty on the Monte Carlo
value does not include uncertainties for the input decay data and the
uncertainties on the experimental values are statistical only.

4.3.4. Radionuclide calibrator settings
In E2 and E3, 5 mL flame-sealed ampoules (FSA; type NIST-I; Collé,

2019) were measured on two Capintec (Mirion Technologies, Inc.,
Florham Park, NJ) radionuclide calibrators, a CRC-15R and a CRC-55tR.
Activity readings and timestamps were recorded at multiple calibrations
settings (CS = 50 to 800) using serial communications and a LabVIEW
interface. The ampoules were measured on multiple occasions before
and after the experiment reference time. On each occasion, ten readings
were acquired at each calibration setting with 2 s between readings. The
data were fit according to

Aread
ATDCR

=m
1
CS

+ b (3)

where Aread is the decay-corrected activity reading, ATDCR is the source
activity determined by TDCR counting, CS is the calibration setting, and
m and b are the fit parameters.

Abou et al. (2022) report a setting of 82 for a 3 mL Wheaton vial in a
CRC-25R. We found that the activity reading for the 5 mL FSA in the
CRC-15R and in the CRC-55tR with CS = 82 was within 3.5 % of the
TDCR-determined activity. A setting of 72 was given for a CRC-15 by
Benabdallah et al. (2021), but the measurement geometry was not
specified. For the 5 mL FSA, we found that the activity reading with CS
= 72 was within 2.5 % of the TDCR-determined activity. The correct
activity is read with CS = 76, but since the instrument response curve in
this region is very sensitive, we prefer to avoid such low CS values, fa-
voring higher CS values to be used with multiplication factors.

A setting of 775 with a multiplication factor of 5 (CS = 775 × 5) was
given for a 50 mL conical tube in a CRC-7 by McDevitt et al. (2002). We
found that the activity reading for the 5 mL FSA in the CRC-15R and in
the CRC-55tR with CS = 775 × 5 was within 4.8 % of the
TDCR-determined activity. The correct activity is read with CS= 733(2)
× 5 (average across all experiments), where the stated uncertainty is the
combined standard uncertainty on the determined setting. The uncer-
tainty on the dial setting corresponds to a relative uncertainty of 0.56 %
on the activity reading.

Table 12 provides the detailed uncertainty budgets from E2, E3, and
E4. The settings and uncertainties above are the averages of these
determinations.

Fig. S2 shows a typical dataset. Note that Equation 3 is applied to
subsets of the data to determine the values for CS reported above.

5. Summary and conclusions

NIST has established a primary standard for 225Ac activity based on
the triple-to-double coincidence (TDCR) method of liquid scintillation
counting. The reliability of quantitative transfers was established, albeit
with an anomaly, for solutions containing 0.1 mol/L HCl. Then, over
three subsequent experiments, the activities determined by TDCR were
confirmed with additional primary methods, CIEMAT-NIST efficiency
tracing (CNET) with 3H and live-timed anticoincidence counting
(LTAC). Experiment-to-experiment consistency was demonstrated
through reproducible calibrations of ionization chambers and a NaI(Tl)
well-type counter. Gamma-ray spectrometry with high-purity germa-
nium (HPGe) detectors provided confirmatory activities, indicating that
the evaluated emission intensities for the main gamma-rays in the decay
chain are consistent with NIST measurements. The HPGe measurements
provided additional confirmation of experiment-to-experiment
consistency.

Checks for long-lived impurities by HPGe gamma-ray spectrometry
and by alpha spectrometry indicated breakthrough of Th and Ra.
Thorium-229 was not directly detected in any experiment, but 228Th was
identified by alpha spectrometry. Ra-225 was detected by HPGe and
226Ra and 224Ra were detected by alpha spectrometry. None of these
long-lived impurities were present in amounts that would significantly
impact the primary activity measurements, but corrections were esti-
mated and uncertainty contributions were accounted. Breakthrough will
have a larger impact on analyses of data for half-life measurements.

An ampoule containing 225Ac was submitted to the international
reference system (SIR). This submission will allow a comparison of the
NIST, Physikalisch-Technische Bundesanstalt (PTB), and POLATOM
standards.

Two well-benchmarked models were found to underestimate ioni-
zation chamber responses for 225Ac. Others have reported similar find-
ings, suggesting that the input decay data for these models deserves
further scrutiny; predicted ionization chamber responses will be
particularly sensitive to the 213Bi α/β branching probability (Pβ).

Radionuclide calibrator settings were determined based on TDCR-
determined 225Ac activities. These settings may be useful as bench-
marks for calibrations, but users are cautioned that these settings are
considered valid only for the specific ampoules and solution composi-
tions described herein. Calibration settings should always be verified for
the specific instruments and measurement conditions to be used for
routine activity measurements and users should always follow manu-
facturer instructions when assaying drug products.
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Collé, R., 2019. Ampoules for radioactivity standard reference MaterialsTM. NISTIR 8254.
https://doi.org/10.6028/NIST.IR.8254.

DDEP, 2023. http://www.lnhb.fr/nuclear-data/nuclear-data-table/.
Dutsov, C., Cassette, P., Sabot, B., Mitev, K., 2020. Evaluation of accidental coincidence

counting rates in TDCR counting. Nucl. Instrum. Methods Phys. Res. 977, 164292.
Fitzgerald, R., 2010. An automated ionization chamber for secondary radioactivity

standards. Appl. Radiat. Isot. 68, 1507–1509.
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